are more strongly associated with dementia severity than NFTs. NFTs consistently associate better with late than early CDR, suggesting that these neuropathological changes may occur relatively later in the course of the disease.
sible that postmortem neuropathology might be more strongly associated with dementia severity near death than dementia severity long before death, simply because it is closer in time. Alternatively, if the postmortem neuropathology reflects changes that occurred long before death, it might be better related to dementia severity long before death. More interestingly, it is possible that different neuropathological features of AD, such as NPs and NFTs, are each associated with dementia severity at different stages of the disease. For example, it is possible that NFTs contribute to the early phases of disease [5, 15] , whereas NPs to later stages and vice versa [1, 8, 9, 28] or the magnitude of these lesions may not be associated with cognitive dysfunction at all [3] . Studying the correlation of NP and NFT lesion density with measures of dementia severity proximal or distal to death could provide insight into these processes. Having prospective data on dementia severity of neuropathologically assessed subjects allows us to more directly ask when these neuropathological processes occur during the course of dementia progression.
The relationships of dementia severity with specific measures of neuropathology may reflect strong relationships among the different neuropathology measures themselves [6] . Thus, the relationships of dementia severity with these neuropathological measures would be clarified by evaluating the association with each, when the influence of the other measures is statistically removed from consideration [24] . The present study examined the associations, in various brain regions, of the density of postmortem NPs and NFTs with antemortem assessments of severity of dementia (using the Clinical Dementia Rating (CDR) Scale), both shortly before death and several years earlier. Having multiple CDR measures on the same subjects, we compared their relative associations with postmortem neuropathology. Similarly, we compared the specific contributions of NPs and NFTs to the associations of neuropathology with both early and late CDR.
Methods

Subjects
The subjects were 40 residents of an academic affiliate of the Mount Sinai School of Medicine, the Jewish Home and Hospital (JHH) in Manhattan and Bronx, N.Y., who were assessed for CDR at least twice during life and who came to autopsy upon death. The cohort included in the present analysis was ascertained as part of a larger clinical and epidemiologic study of early AD described in detail elsewhere [8, 9] . All assessment procedures were approved by the JHH and the Mount Sinai School of Medicine Institutional Review Boards. Autopsies were performed after receiving consent for autopsy from each subject's legal next of kin. As part of that study, all consenting residents and new admissions to the JHH were given mental status screening tests, and CDR [12, 14, 17] tests were administered to those residents who were either not demented or had mild cognitive impairment. These residents were then followed longitudinally and received CDR assessments at intervals that averaged 18 months until death. The autopsied brains were evaluated by an extensive neuropathological assessment protocol that has been described in detail [8, 9] . All quantitative neuropathological evaluations were made prior to the selection of subjects for this study and all neuropathological variables were assessed without knowledge of the subject's cognitive status. All subjects assessed for CDR at least two times prior to death, who met CERAD neuropathological criteria [16] for normal brain, definite, probable or possible AD (CERAD categories 1-4) without significant other neuropathologic lesions, and who had complete data were included in the study.
CDR Procedure
A multistep approach was applied to the assignment of CDR scores [14] . Initially, a CDR score was obtained following interviews of the subject and caregiver individually. A careful review of all information contained within each patient's medical chart was then performed by a second reviewer experienced in neuropsychological assessment of living elderly patients. These reviews included admitting diagnoses, nurse's notes, social work records, psychiatric and neurological consultation results, medications histories, results of mental status testing, and all other medical records and laboratory studies. All CDR scores and all pertinent chart information were then presented to a senior clinician (H.Z.G.) and a consensus CDR score was derived.
Neuropathological Assessment
The neuropathological assessment consisted of examining representative blocks from superior and midfrontal gyrus, orbital cortex, basal ganglia with basal forebrain, amygdala, hippocampus (rostral and caudal levels with adjacent parahippocampal and inferior temporal cortex), superior temporal gyrus, parietal cortex (angular gyrus), calcarine cortex, hypothalamus with mammillary bodies, thalamus, midbrain, pons, medulla, cerebellar vermis, and lateral cerebellar hemisphere. Sections from paraffin-embedded blocks were stained using hematoxylin and eosin, modified Bielschowsky, modified thioflavin S, anti-␤ -amyloid and anti-as described previously [8, 9] . Any case showing evidence of Lewy body formation in the substantia nigra or locus ceruleus underwent antiubiquitin staining of representative cerebral cortical sections for the identification of cortical Lewy bodies. Cases with Lewy body pathology or any other neuropathology not characteristic of AD were eliminated from the primary analyses described. Every case was evaluated for the extent of neuropathologic lesions using the Consortium to Establish a Registry for Alzheimer's Disease (CERAD) neuropathologic battery [16] . Multiple high-power fields (usually 5) were examined in each slide and the density of NFTs and NPs with and without cores were rated on a 4-point scale of absent, sparse, moderate, or severe according to the CERAD scoring criteria. For the statistical analyses, these ordinal scale estimates of NP and NFT density were treated as equally spaced. Additionally, quantitative data regarding the density of NPs in the mid-frontal gyrus (Brodmann area 9), orbital frontal cortex (Brodmann area 45/47), superior temporal gyrus (Brodmann area 21/22), inferior parietal cortex (Brodmann area 39) and calcarine cortex (Brodmann area 17) were also collected. For these quantitative measures of plaque density, 5 representative high-power fields (0.5 mm 2 ) were examined in each cortical region and an average density score was calculated for each region, expressed as mean plaque density per mm 2 . Only NPs (with and without cores) were included in the NP counts reported here. When plaques were unevenly distributed in any slide, plaques in the region of the slide with the highest density were counted.
Statistical Analyses
For subjects whose CDR was measured more than twice, only the first and last measurements were included in these analyses. Analyses of the relationship of NPs and NFTs to CDR were based on summary variables calculated from ratings of NP and NFT densities and on means of direct NP counts in the cortex. The following summary variables were derived from NFT density ratings: (1) sum of all ratings from all brain regions examined; (2) sum of all ratings in the 5 cerebral cortical regions studied; (3) NFT density ratings in the hippocampus, and (4) NFT density ratings in the entorhinal cortex. Similar summary variables were calculated for NPs, except that the summary variables for NP densities in the cerebral cortex were based on the sum of the average NP counts in each of the 5 cortical regions studied.
Partial correlations were used to assess the associations of the two CDR measurements with NPs and with NFTs in the whole brain, cerebral cortex, hippocampus and entorhinal cortex, controlling for age at death, and intervals between each of the two CDR measurements and death. Additional partial correlations were calculated to evaluate the supplemental usefulness of the respective CDRs beyond the usefulness of the other (i.e., the association of late CDR with neuropathology controlling for early CDR, and the association of early CDR with neuropathology controlling for late CDR). For example, the partial correlation of late CDR controlling for early CDR removes spurious association due to the association of neuropathology with early CDR and the association of early CDR with late CDR.
To assess the relative contributions of NPs and NFTs, similar partial correlations for each brain region were calculated (all controlling for age at death, and intervals between each of the two CDR measurements and death): the associations of a CDR with NPs controlling for the respective NFTs and the associations of a CDR with NFTs controlling for the respective NPs. For each of these types of partial correlations (such as NPs controlling for NFTs in the whole brain), the significance of the difference between the partial correlations of early and late CDRs was evaluated, taking into account the common variable (such as whole brain NPs) in the two partial correlations [10] .
Results
The demographic characteristics of the sample are presented in table 1 . Subjects had a mean age of 82.0 (SD = 11.4) at death and 54% (n = 30) were female. The early CDR was administered, on the average, over 4 years before death (mean = 4.5 years), while the late CDR was administered, on the average, 1 year (mean = 1.0 years) before death. The majority of the early CDR scores were of mild to moderate dementia severity or less (CDR = 2 or below, median = 1); none of the subjects had very severe or profound dementia (CDR categories 4 and 5, respectively). In contrast, the majority of late CDR scores were rated with at least severe dementia (median = 3). Thus, during the approximately 3.5 years between the first and last CDR assessments, most of the subjects progressed in their dementia severity from relatively mild dementia to severe dementia.
For all brain areas examined ( table 2 ) , both early and late CDRs were significantly associated with NP density values (except for early CDR in the hippocampus that reached trend level only). Partial correlations, controlling for age at death and intervals between CDR measurements and death, were between 0.29 and 0.46; the significance was between p = 0.07 and p = 0.004 (see table 2 ). The correlations of early and late CDRs with NPs in the different brain regions did not differ significantly. Only in the hippocampus did the late CDR (the CDR most proximal to death and neuropathological assessment) significantly supplement the early CDR (partial r = 0.35, t = 2.61, d.f. = 49, p = 0.012).
In contrast to the consistent results for NPs, CDRs were not as generally associated with the extent of NFTs in different brain areas. NFTs were significantly predicted by CDR scores assessed proximal to the time of death within the hippocampus, cerebral cortex, and aggregate NFT density estimates for the entire brain, but distal to time of death only in the cerebral cortex (see table 2 ). In addition, associations for late CDRs were consistently, but not statistically significantly, stronger than for early CDRs. Partial correlations for the supplemental contribution of the late CDRs beyond the early CDRs approached significance (p value between 0.025 and 0.14), but none of the early CDRs supplemented the late CDRs substantially (see table 2 ). Table 3 presents CDR and AD neuropathology partial correlations of NPs controlling for NFTs and NFTs controlling for NPs, all controlling for age at death and intervals from CDRs to death. The associations of NPs controlling for NFTs were significant in the entorhinal cortex for both early and late CDR measures, for early CDR in the whole brain, and for late CDR in the hippocampus. In contrast, for NFTs controlling for NPs, only the association with late CDR in the cerebral cortex was significant.
Discussion
The primary aim of this study was to compare the associations of early and late antemortem measures of dementia severity (CDR) with the severity of AD-related neuropathologic lesions. A second aim of the study was to determine which, if any, of the hallmark neuropathologic lesions of AD were best correlated with dementia severity early versus late in the course of disease.
The results indicated that estimates of dementia severity, as measured by the CDR, were good predictors of the severity and extent of NPs, irrespective of whether dementia severity was assessed proximal to the time of death (1 year) or an average of 4.5 years prior to death. However, the density of NPs was predicted better by dementia severity during the early course of disease, whereas dementia severity was associated with NFTs more consistently nearer death than long before death. These findings are consistent with our earlier cross-sectional studies of NP [8] and NFT [9] neuropathology as a function of dementia severity and are in good agreement with results published since then [e.g. 11, 18, 22, 23, 25 ] . These studies found that the density of NPs in the neocortex increased significantly with increasing dementia severity and that even cases of very mild or questionable dementia could be distinguished from non-demented elderly cases based on neocortical NP density. The density of NFTs in the neocortex was also found to increase systematically with increasing dementia severity, although NFT density increases were more reflective of mild to moderate dementia than of the even earlier stages of dementia reflected in NP density changes. In those cross-sectional studies, the estimates of dementia severity were based, to a large extent, on CDR scores derived by postmortem retrospective chart review and caregiver interviews, rather than the prospective longitudinal assessment of CDR in the current study. Thus, those earlier studies estimated dementia severity during the 6 months immediately prior to death rather than early in the course of the disease. The present results imply that estimates of dementia severity made even several years prior to death can reflect the severity of neuropathology observed at the time of death. This conclusion is in close agreement with results of Morris et al. [19] , who suggested that subjects progress in dementia severity at rates that are dependent on the level of dementia severity at the time of first assessment. Surprisingly, the association of NFTs in the entorhinal cortex with CDR did not achieve statistical significance even for CDR proximal to death. At least two alternative explanations can account for these observations. Moderate densities of NFTs are present in the entorhinal cortices and hippocampi of most elderly individuals, including those without significant dementia even at the time of death [9, 23] . Since moderate density of NFTs are present in the entorhinal cortices of most elderly individuals, additional increases in the density of NFTs could make only a modest and difficult to measure contribution to dementia severity. According to this hypothesis, neither early nor late CDR should be significantly associated with entorhinal cortex NFTs. An alternative interpretation that also accounts for the observed results is that NFTs in the entorhinal cortex are lesions that occur very early in the course of AD, and that by the time subjects were first assessed for dementia severity or died, the contribution of entorhinal cortex NFTs to dementia severity was no longer measurable because of factors such as neuronal death [22] and maximal involvement of NFTs in surviving neurons [11] . According to this hypothesis, there should be an association of entorhinal cortex NFTs with early CDR, but not with late CDR. Since entorhinal cortex NFTs were not associated with CDR measured early or late in the course of disease, the results of the analyses performed here favor the former hypothesis. It can be argued, however, that the CDR does not have adequate fidelity to reflect subtle cognitive deficits that may result from NFTs in the entorhinal cortex. This argument, like any other argument that attributes the lack of an effect to the insensitivity of the measurement instruments, cannot be addressed by the current study.
When comparing the associations of early and late CDRs with AD neuropathology, different patterns of association emerge depending on type of neuropathology (NP vs. NFT). For NPs, both early and late CDRs (except in the hippocampus) were equally predictive of postmortem NP density. This might reflect a superimposed association due to NPs increasing fastest long before death, which would make the associations of early CDRs at least as strong as the late ones. These results are in keeping with an earlier cross-sectional study that showed that NPs accumulate primarily during the early stages of dementia and stabilize later on [8] . The density of NFTs, on the other hand, appears to be more strongly associated with CDR measures late in the course of disease (significance levels from 0.025 to 0.14 for late vs. early CDR, respectively). This result is consistent with a model suggesting that NFT accumulation happens mainly in more advanced stages of the disease, and that the correlation found between NFTs [11] and early CDR was driven by the higher CDR scores of subjects who entered the study with relatively advanced dementia. This interpretation is also consistent with previously published data [9] showing that increases in NFT density are observed after reaching a relatively high level of dementia severity (i.e., CDR scores of 1, 2 and higher).
To clarify the relationships of dementia severity with NPs and NFTs, we evaluated the association of CDR with NPs or NFTs, when the influence of the other was removed statistically. There were no significant associations of NFTs with either early or late CDR, after controlling for NPs, in any brain region except the cerebral cortex for the late CDR. In contrast, for NPs, after control-ling for NFTs, the associations were significant (p value ranged from 0.006 to 0.03) in entorhinal cortex for both early and late CDR, in whole brain for early CDR and in hippocampus for late CDR. These findings, when viewed in light of the results discussed earlier, suggest that NPs are generally more informative of dementia severity than NFTs. The non-significant relationships with NFTs after controlling for NPs are consistent with the finding that the deposition of NPs accelerates the formation of tangles [23] . This suggests that increases in the density of NFTs are, at least partially, dependent on the formation of NPs.
The conclusion reached above is supported by results from other studies. Cummings et al. [6] examined the relationship between seven neuropathological features of AD in the entorhinal cortex and three cognitive measures, including CDR. All neuropathological measures, with the exception of NFT number and Thioflavine Index, correlated significantly with all three scales of cognitive status. Moreover, in a stepwise multiple regression model using all neuropathological measures as well as age, only NP index, A ␤ load and plaque number contributed significantly to the equation, with NP index contributing the greatest to the model.
It should be noted that degenerative and neuropathological processes other than NPs and NFTs, such as synaptic or dendritic loss [26] , and neurotransmitter [21] and neuropeptide deficits [7] , which were not assessed in this study, also play a role in determining cognitive status. Additionally, we have chosen to examine the areas recommended by the CERAD for the assessment of AD pathology. It can be reasonably argued that assessment of other brain regions might have yielded different results.
The main advantages of this study are its prospective longitudinal ante-and postmortem design. The sample size, compared to other AD neuropathology studies with careful exclusion of diagnostically ambiguous cases, is relatively large although still not sufficiently large to permit stratification by CDR level. Due to the fairly long time between first and last CDRs, there was a substantial difference in mean CDR scores at the two assessments, suggesting that they were indicative of changing dementia severity rather than reflections of a condition that had already reached a plateau by the time of measurement. A limitation of this study is a nursing home sample that includes mainly Caucasian subjects with relatively high socioeconomic levels who may not be representative of the general elderly population. Another limitation of this study is that with the exception of NPs in the cerebral cortex, semiquantitative ratings were used. To assess the effect of having only four levels of NP severity, the cerebral cortex counts were rescaled to the marginal distribution of entorhinal cortex ratings, which were similarly positively skewed. The partial correlations with early and late CDRs were essentially identical to the original analysis using a continuous variable (data not shown).
In summary, these results suggest that dementia severity is predictive of neuropathological lesion density and severity, even if assessed 4.5 years before death. Generally, NPs are more strongly associated with dementia severity than NFTs. For NPs, late CDR is better associated than early CDR only in the hippocampus, while for NFTs there is a consistent trend for late CDR to be better associated than early CDR, suggesting that these neuropathological changes may occur relatively late in the course of the disease.
